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Introduction {#s1}
============

Globally, there is increasing interest in assessing heat wave--related health effects after major heat waves in the United States and Europe, for example, Chicago in 1995 and Europe in 2003 ([@c33]; [@c44]). Several recent studies have linked heat waves with significant impacts on human health, including mortality ([@c32]; [@c35]; [@c49]). The frequency, intensity, and duration of heat waves will increase in the future, which has the potential to greatly exacerbate the health impacts of heat ([@c15]). Thus, understanding the relationship between heat waves and health is crucial for better adaptation and mitigation strategies ([@c38]).

Recently, a few studies have suggested decomposing the health impacts of heat waves into *a*) effects of high temperature through modeling daily temperature as a numeric explanatory variable, possibly allowing for lagged effects; and *b*) added effects of heat waves through modeling heat wave days as a categorical variable ([@c1], [@c2]; [@c19]; [@c29]). The rationale of this method assumes that the impacts of heat should be modeled as the sum of two items: *a*) daily temperature has independent impact on health; and *b*) heat waves lead to an additional risk due to several consecutive days. However, some studies reported that heat waves had added effects on mortality ([@c1]; [@c29]; [@c41]), while others suggested that there were no added heat wave effects ([@c6]; [@c19]). Therefore, it is not conclusive for existence and size of the added heat wave effects on mortality.

Studies have shown that associations between heat waves and health vary substantially by location ([@c1], [@c2]; [@c28]). However, there are several challenges in comparison of the heat wave impacts on health from different climate zones or cities/regions/countries. For example, various studies used different heat wave definitions regarding the temperature threshold (e.g., 95th or 97.5th percentiles of temperature), temperature metric (e.g., minimum, mean, or maximum temperatures, or apparent temperature), and duration of heat wave in days (e.g., $\geq 2$, $\geq 3$, or $\geq 4\; d$). Use of different time periods (e.g., summer, warm season, or whole year of data) also hinders comparison and synthesis of results across studies. Some studies used time-series analyses, while others used case-crossover designs or case-only studies to assess the health effects of heat waves. Also importantly, some studies considered lag periods of heat wave effects, while others did not, which makes it difficult to compare the cumulative effects of heat waves, because, indeed, heat waves could have a significant lag effect.

Therefore, it is important and necessary to conduct research in different regions/countries using the same statistical design to assess and compare the associations between heat waves and health events. Large studies have investigated the impact of heat waves on mortality in Asia ([@c46]), the United States ([@c2]), and Europe ([@c4]), but to the best of our knowledge, there are no previous studies of heat waves across the globe. We have recently established a multicountry, multicommunity (MCC) collaborative network to assess impacts of weather on mortality internationally ([@c23], [@c18]; [@c24], [@c26]). This setting provides a unique opportunity to examine: *a*) the effects of heat waves on mortality in 400 communities in 18 countries/regions; *b*) effect modification by heat wave characteristics (intensity and duration); *c*) whether heat waves had added effects on mortality; *d*) regional differences in the heat wave effects; *e*) potential factors contributing to the heterogeneity of heat wave effects on mortality; and *f*) comparison for heat waves defined by daily mean, minimum, and maximum temperatures.

Methods {#s2}
=======

Data Collection {#s2.1}
---------------

We used daily time-series data of the MCC study, which has been described in previous publications ([@c23], [@c18]; [@c24], [@c26]). Briefly, we obtained daily data on all causes/nonaccidental mortality and weather conditions in 400 communities from 18 countries/regions: Australia (3 cities during 1988--2008), Brazil (18 cities during 1997--2011), Canada (26 cities during 1986--2009), China (6 cities during 2002--2007), Colombia (5 cities during 1998--2013), Iran (1 city during 2004--2013), Ireland (all Irish Island national data, including 6 regions: 2 in Northern Ireland and 4 in the Republic of Ireland during 1984--2007), Italy (10 cities during 1987--2010), Japan (47 prefectures, 1985--2012), Moldova (4 cities during 2001--2010), Philippines (4 cities during 2006--2010), South Korea (7 cities during 1992--2010), Spain (51 cities during 1990--2010), Taiwan (3 cities during 1994--2007), Thailand (62 provinces during 1999--2008), United Kingdom (10 regions during 1993--2006), United States (135 cities during 1985--2006), and Vietnam (2 cities during 2009--2013). Daily weather data included daily mean, minimum, and maximum temperatures and relative humidity in all countries/regions, except for daily minimum and maximum temperatures in Italy and Philippines and relative humidity in Italy. The locations are displayed in [Figure 1](#f1){ref-type="fig"}. Supplemental Material provides the details for data collection, and Table S1 shows the list of locations. This study was approved by the Behavioural and Social Sciences Ethical Review Committee, University of Queensland, Australia.

![Locations of the study communities and annual mean heat wave days. Heat wave was defined by daily mean temperature $\geq 95\text{th}$ percentile of temperature with duration $\geq 2\; d$.](EHP1026_f1){#f1}

### Heat wave definition. {#s2.1.1}

There is no standard heat wave definition worldwide, although they are commonly defined as a few consecutive days with high temperatures above a certain threshold that can either be physiologically based (absolute threshold) or community based (relative threshold) ([@c40]). In the present study, relative thresholds based on each community's own long-term daily mean temperature were used to define heat waves, as this approach allows for regional acclimatization to temperatures normal for a community. To examine the impacts of intensity of heat waves on mortality, we used daily mean temperatures of 90th, 92.5th, 95th, and 97.5th percentiles of each community's temperature distribution as heat wave thresholds based on year-round data. To examine the impacts of duration of heat waves on mortality, we used duration of $\geq 2$ (two or more adjacent days), 3 (three or more adjacent days), and 4 d (four or more adjacent days) to define heat waves. Therefore, we defined 12 types of heat waves for each community by combining community-specific daily mean temperature $\geq 90\text{th}$, 92.5th, 95th, and 97.5th percentiles and duration $\geq 2$, 3, and 4 d ([Table 1](#t1){ref-type="table"}).

###### 

Heat wave definition.

Table 1 lists heat wave name in the first column and heat wave definition in the other.

  Heat wave name   Heat wave definition
  ---------------- ----------------------------------------------
  90P_2day         90th percentile with $\geq 2 - d$ duration
  90P_3day         90th percentile with $\geq 3 - d$ duration
  90P_4day         90th percentile with $\geq 4 - d$ duration
  92.5P_2day       92.5th percentile with $\geq 2 - d$ duration
  92.5P_3day       92.5th percentile with $\geq 3 - d$ duration
  92.5P_4day       92.5th percentile with $\geq 4 - d$ duration
  95P_2day         95th percentile with $\geq 2 - d$ duration
  95P_3day         95th percentile with $\geq 3 - d$ duration
  95P_4day         95th percentile with $\geq 4 - d$ duration
  97.5P_2day       97.5th percentile with $\geq 2 - d$ duration
  97.5P_3day       97.5th percentile with $\geq 3 - d$ duration
  97.5P_4day       97.5th percentile with $\geq 4 - d$ duration

Data Analysis {#s2.2}
-------------

The analyses were limited to the hot season (four hottest adjacent months) for each community. The heat wave--mortality association was examined with a two-stage hierarchal approach using data from the 400 communities in the 18 countries/regions. In the first stage, we estimated the community-specific heat wave--mortality association. These estimated associations were then pooled in the second stage at the country level using meta-analysis. This approach has been described in previous publications ([@c22]; [@c20]).

### First stage of analysis (community-specific associations). {#s2.2.2}

In the first stage, we used a time-series Poisson regression model for seasonal data (i.e., hot season) to obtain community-specific estimates allowing for overdispersed death counts. Seasonality was controlled for using a natural cubic spline with 4 degrees of freedom (df; equally spaced knots) for day of the season. Long-term trend was controlled for using a natural cubic spline with 1 df per 10 y ([@c23]). A categorical variable was used to control for day of the week, as our preliminary analysis shows mortality risks varied by day of the week. To understand the characteristics of lag effects of heat waves on mortality, a natural cubic spline with 4 df was used to capture the distributed lag effect over time up to 10 d. We placed two internal knots at equally spaced log values of lag, plus intercept. The choice of 10 d for the lag period was motivated by previous studies suggesting that effects of high temperatures were acute and possibly affected by mortality displacement ([@c20]; [@c27], [@c24]).

We assessed the 12 definitions of heat waves separately ([Table 1](#t1){ref-type="table"}) for each community to understand the characteristics of the heat wave impacts on mortality risks. All days with temperature above the threshold for a given heat wave definition with duration of $\geq 2$, $\geq 3$, and $\geq 4$ days were defined as heat wave days. For example, day 1 of a 4-d wave was considered part of the 4-d wave.

### Second stage of analysis (overall country-level associations). {#s2.2.3}

At the second stage, a univariate meta-analysis was used to pool the community-specific cumulative effect estimates of heat waves (lag 0--10 d) obtained from the first-stage model to obtain country-level pooled estimates separately for each type of heat wave.

A multivariate meta-analysis was used to pool the three distributed lag terms expressing the lag--response relationships specific to the heat waves compared to the non--heat wave days. This method has been described previously ([@c20]).

The univariate/multivariate meta-analyses were fitted using random effects models by maximum likelihood. Heterogeneity was assessed through a multivariate extension of the $I^{2}$ index, which quantifies the percentage of variability due to true differences across communities. The heat wave--mortality associations were expressed as the estimated relative risks (RR) and 95% confidence interval of mortality associated with heat wave days in comparison to non--heat wave days. For the distinction between cumulative effect and heat wave duration, if a single consecutive day that includes cumulative lag effects up to 4 d has RR of 1.2, the heat waves with 4 consecutive days will have cumulative relative risk of $\text{exp}\,\left( {\log\,\left( 1.2 \right) \times 4} \right) = 2.1$.

### Regional difference in heat wave effects. {#s2.2.4}

In order to investigate whether locations have higher effect estimates based on their long-term temperature, we divided the 400 communities into 4 groups (cold, moderate cold, moderate hot, and hot areas) by the quantiles of temperature based on the hot season mean temperature distribution of all 400 communities (each community has one value of hot season mean temperature): $\leq 25\text{th}$ ($\leq 20.7{^\circ}C$), 25th--50th ($20.7–24.1{^\circ}C$), 50th--75th ($24.1–27.6{^\circ}C$), and $> 75\text{th}$ ($> 27.6{^\circ}C$) (see Figure S1). Meta-analyses were used to pool the community-specific effect estimates obtained from the first-stage model separately within each of these four groups for both cumulative effects (lag 0--10 d) and lag exposure--response associations.

### Added effects of heat waves. {#s2.2.5}

To examine whether heat waves had added effects on mortality above the effect of single days of high temperature, all other variables from the above first-stage model were maintained except for the variable to control for daily mean temperature. Here, we controlled for the temperature effects using a cross-basis function with a 6-df natural cubic spline for temperature and a 5-df natural cubic spline for lag of temperature up to 10 d ([@c19]). Then, the same second-stage analysis as above, univariate meta-analysis, was performed to pool the community-specific cumulative added effects of heat waves.

### Assessing the potential factors contributing to the heterogeneity of heat wave effects. {#s2.2.6}

Meta-regression models were used to assess the potential factors contributing to the heterogeneity of heat wave effects. We included country, community-specific hot season average temperature, hot season temperature range, hot season temperature variability \[standard deviation (SD) of daily mean temperatures\], latitude, and longitude as meta-predictors using single predictor models and multipredictor models. Residual heterogeneity was tested and then quantified by the Cochran Q test and $\mathit{I}^{2}$ statistic.

### Comparison for heat waves defined by daily mean, minimum, and maximum temperatures. {#s2.2.7}

We investigated whether effect estimates differed by heat wave definitions for daily mean, minimum, and maximum temperatures. We used daily minimum and maximum temperatures to define heat waves instead of mean temperature, except for Italy and Philippines, due to the unavailable data. The same two-stage analysis strategy was performed as above. In addition, we compared the community-level effect estimates from heat waves defined by daily mean, minimum, and maximum temperatures using the *t*-test.

### Sensitivity analyses. {#s2.2.8}

Sensitivity analyses were performed on the parameters for the community-specific model to test the robustness of our results. We extended the lag days of heat waves to 15 d to examine whether using a lag of 10 d was sufficient to capture the heat wave effects on mortality. We changed degrees of freedom (3--5 df) for lag days, and included relative humidity in the analyses, except for Italy, due to unavailable data. We also changed the degrees of freedom (3--7 df) for seasonality. Furthermore, we excluded the United States, Italy, Moldova, and Vietnam in sequence when we examined the regional difference in heat wave effects on mortality. We controlled for temperature variability (SD of 10-d daily mean temperatures) ([@c26]) to examine whether temperature variability influences the impacts of heat waves on mortality.

R software (version 3.2.2; R Development Core Team) was used for data analysis. The dlnm package was used to create the distributed lag model ([@c21]), and the mvmeta package was used to fit the meta-analyses ([@c22]).

Results {#s3}
=======

[Table 2](#t2){ref-type="table"} shows the summary of the study period, mortality count, and heat waves in the 18 countries/regions. This study included 400 communities of 18 countries/regions. The study period covered 1972 to 2012, but the years of data varied by country. The total number of deaths included in the study data was over 26 million. In general, there were similar numbers of heat wave days per year across countries within each type of heat wave definition. Table S1 summarizes the heat waves in 400 communities. The numbers of deaths and annual heat wave days were different by community.

###### 

Summary of the study periods, number of deaths, and heat waves in the 18 countries/regions.

Table 2 lists countries, period, number of deaths, and number of communities in the first four columns. The corresponding mean of heat wave days per year (range) is listed in the other columns for 90P_2day, 90P_3day, 90P_4day, 92.5P_2day, 92.5P_3day, 92.5P_4day, 95P_2day, 95P_3day, 95P_4day, 97.5P_2day, 97.5P_3day, and 97.5P_4day each.

  Country          Period       No. of deaths   No. of communities   Mean of heat wave days per year (range)                                                                                                                                            
  ---------------- ------------ --------------- -------------------- ----------------------------------------- ------------- ------------- ------------- ------------- ------------- ------------- ------------- ------------- ------------ ----------- -----------
  Australia        1988--2009   361,984         3                    26 (23, 29)                               19 (15, 23)   14 (9, 19)    18 (16, 21)   12 (9, 16)    9 (6, 13)     11 (10, 14)   7 (5, 10)     4 (2, 8)      5 (4, 6)     2 (2, 3)    1 (1, 2)
  Brazil           1997--2011   1,101,149       18                   23 (17, 28)                               18 (12, 24)   15 (8, 22)    17 (11, 21)   13 (7, 19)    10 (5, 15)    11 (6, 14)    8 (4, 11)     6 (2, 10)     5 (1, 7)     3 (1, 5)    2 (0, 4)
  Canada           1986--2011   944,105         26                   30 (28, 33)                               26 (23, 29)   22 (19, 25)   22 (21, 24)   18 (16, 19)   14 (12, 16)   14 (13, 15)   11 (8, 12)    8 (6, 10)     7 (6, 7)     4 (3, 6)    3 (2, 4)
  China            2002--2009   172,703         6                    37 (32, 54)                               32 (26, 49)   27 (21, 44)   30 (24, 54)   26 (19, 49)   21 (11, 44)   16 (14, 21)   13 (8, 15)    10 (6, 12)    10 (6, 21)   7 (4, 15)   5 (2, 12)
  Colombia         1998--2013   267,736         5                    15 (11, 19)                               10 (8, 12)    7 (5, 8)      10 (7, 15)    7 (5, 9)      4 (2, 5)      6 (5, 10)     4 (3, 6)      2 (1, 2)      3 (2, 5)     1 (1, 2)    1 (0, 1)
  Iran             2004--2013   40,824          1                    34 (34, 34)                               31 (31, 31)   27 (27, 27)   25 (25, 25)   22 (22, 22)   16 (16, 16)   18 (18, 18)   15 (15, 15)   12 (12, 12)   8 (8, 8)     6 (6, 6)    4 (4, 4)
  Ireland          1984--2007   316,652         6                    31 (30, 31)                               26 (24, 28)   22 (21, 24)   23 (22, 23)   18 (17, 19)   16 (14, 17)   15 (14, 15)   11 (10, 12)   8 (7, 10)     7 (6, 8)     5 (4, 6)    4 (3, 5)
  Italy            1987--2010   248,808         10                   33 (30, 35)                               30 (25, 34)   28 (23, 31)   24 (21, 26)   21 (17, 24)   19 (15, 23)   15 (13, 17)   13 (11, 16)   11 (8, 14)    7 (6, 8)     6 (4, 7)    4 (2, 6)
  Japan            1972--2012   10,075,406      47                   35 (33, 36)                               32 (29, 34)   29 (25, 32)   26 (24, 29)   23 (21, 26)   21 (18, 24)   17 (16, 18)   14 (13, 16)   12 (10, 15)   8 (7, 10)    6 (5, 8)    5 (3, 7)
  Moldova          2001--2010   18,828          4                    34 (33, 34)                               29 (29, 30)   26 (25, 26)   24 (24, 25)   20 (18, 22)   17 (16, 20)   16 (14, 16)   13 (12, 14)   11 (10, 12)   8 (8, 8)     7 (7, 8)    6 (5, 6)
  Philippines      2006--2010   90,917          4                    24 (16, 28)                               20 (12, 24)   18 (9, 23)    20 (15, 23)   16 (11, 20)   13 (7, 18)    12 (7, 15)    10 (5, 12)    8 (4, 11)     6 (4, 7)     5 (2, 6)    4 (2, 6)
  South Korea      1992--2010   472,421         7                    33 (25, 35)                               30 (23, 33)   28 (21, 31)   25 (19, 26)   22 (17, 24)   21 (16, 23)   16 (12, 17)   14 (10, 16)   13 (9, 14)    8 (6, 8)     6 (4, 7)    5 (3, 6)
  Spain            1990--2010   1,054,098       51                   32 (11, 36)                               29 (9, 33)    24 (7, 30)    24 (8, 27)    20 (6, 24)    16 (4, 22)    15 (5, 18)    12 (3, 16)    9 (3, 14)     7 (2, 8)     5 (1, 7)    3 (0, 5)
  Taiwan           1994--2007   218,302         3                    35 (34, 36)                               30 (29, 32)   28 (26, 30)   25 (24, 26)   21 (20, 22)   18 (16, 19)   17 (16, 18)   14 (12, 15)   12 (10, 13)   8 (7, 10)    7 (6, 9)    5 (4, 7)
  Thailand         1999--2008   619,432         62                   26 (6, 35)                                23 (4, 33)    20 (3, 32)    20 (4, 28)    17 (3, 25)    15 (2, 23)    13 (3, 18)    11 (2, 15)    9 (2, 14)     6 (2, 9)     5 (1, 8)    4 (0, 6)
  United Kingdom   1990--2012   3,513,043       10                   30 (29, 31)                               26 (25, 27)   23 (21, 24)   22 (22, 23)   19 (18, 20)   16 (16, 17)   15 (14, 15)   12 (11, 13)   10 (9, 11)    7 (7, 8)     6 (5, 6)    4 (3, 5)
  United States    1985--2006   7,106,601       135                  33 (18, 40)                               28 (15, 36)   24 (10, 34)   24 (14, 32)   20 (10, 28)   16 (6, 25)    16 (8, 23)    12 (5, 18)    10 (3, 16)    8 (3, 10)    5 (2, 8)    4 (1, 7)
  Vietnam          2009--2013   35,655          2                    32 (31, 33)                               26 (25, 28)   22 (21, 24)   22 (22, 22)   18 (17, 18)   14 (14, 15)   16 (15, 16)   12 (11, 12)   10 (8, 11)    8 (8, 8)     6 (4, 7)    4 (3, 6)

[Figure 2A](#f2){ref-type="fig"} shows the pooled cumulative (lag 0--10 d) estimated RRs for the impacts of heat waves on mortality in 18 countries/regions for the 12 definitions of heat waves. There were significant associations of heat waves on mortality in all countries/regions for all types of heat waves. In general, higher temperature thresholds had higher effect estimates, except for China. For heat waves using the same threshold, longer heat waves (based on longer duration of days; $\geqq 4\; d$) did not have higher heat wave effect estimates on mortality than heat wave definitions with shorter duration of days ($\geq 2\; d$) in each country/region.

![Cumulative effects of heat waves on mortality (A. overall effects of heat waves and B. added effects of heat waves after controlling for effects of daily mean temperature) over lag 0--10 d in 18 countries/regions for 12 types of heat wave definitions. Please refer [Table 1](#t1){ref-type="table"} for heat wave definitions.](EHP1026_f2){#f2}

In general, Italy, Moldova, and Vietnam had higher effect estimates than other countries/regions. The effect estimates varied greatly by community, with RRs from 0.84 in Phetchabun, Thailand to 2.19 in Falesti, Moldova for the heat wave definition of $\geqq 95\text{th}$ percentile and $\geqq 2 - d$ duration. However, there were no added effects of heat waves on mortality in all countries/regions when controlling for the effects of daily mean temperature, except for Brazil, Moldova, and Taiwan using the $\geqq 97.5\text{th}$ percentile for the heat wave definition ([Figure 2B](#f2){ref-type="fig"}).

The estimated effects of heat waves on mortality appeared immediately and generally lasted 3 or 4 d in all countries/regions ([Figure 3](#f3){ref-type="fig"} and Figures S2 and S3), except in Italy and Spain, where the risks persisted longer. There was a period of RR below 1.0 at longer lags, consistent with mortality displacement (harvesting effect) after exposure to heat waves in Canada, Iran, Ireland, Japan, South Korea, Philippines, Thailand, United Kingdom, and, to a lesser extent, in Colombia and the United States.

![Lag effects of heat waves on mortality along lag 0--10 d in 18 countries/regions for 4 types of heat wave definitions. Please refer to [Table 1](#t1){ref-type="table"} for heat wave definitions.](EHP1026_f3){#f3}

[Figure 4](#f4){ref-type="fig"} shows the pooled cumulative (lag 0--10 d) associations between heat waves and mortality in cold, moderate cold, moderate hot, and hot areas. In general, heat waves had higher effects on mortality in moderate cold and hot areas than cold and moderate hot areas for all types of heat wave definitions. However, heat waves had similar effects on mortality in cold and hot areas, except under the $\geqq 97.5\text{th}$ percentile of temperature definition, for which the effect estimates were higher in cold areas than in hot areas.

![Cumulative effects of heat waves on mortality over lag 0--10 d in 4 climatic areas (cold, moderate cold, moderate hot, and hot areas) for 12 types of heat wave definitions. Cold areas: mean temperature of hot season: $\leq 20.7{^\circ}C$; moderate cold areas: mean temperature of hot season: $20.7–24.1{^\circ}C$; moderate hot areas: mean temperature of hot season: $24.1–27.6{^\circ}C$; and hot areas: mean temperature of hot season: $> 27.6{^\circ}C$. Please refer to [Table 1](#t1){ref-type="table"} for heat wave definitions.](EHP1026_f4){#f4}

There was suggestive evidence in mortality displacement (harvesting effect) after exposure to heat waves in cold areas for all types of heat waves ([Figure 5](#f5){ref-type="fig"}). Also, the heat wave effects on mortality generally lasted longer for those using the $\geqq 97.5\text{th}$ percentile of temperature as the threshold in moderate cold, moderate hot, and hot areas.

![Lag effects of heat waves on mortality along lag 0--10 d in 4 climatic areas (cold, moderate cold, moderate hot, and hot areas) for 12 types of heat wave definitions. Cold areas: mean temperature of hot season: $\leq 20.7{^\circ}C$; moderate cold areas: mean temperature of hot season: $20.7–24.1{^\circ}C$; moderate hot areas: mean temperature of hot season: $24.1–27.6{^\circ}C$; and hot areas: mean temperature of hot season: $> 27.6{^\circ}C$. Please refer to [Table 1](#t1){ref-type="table"} for heat wave definitions.](EHP1026_f5){#f5}

[Table 3](#t3){ref-type="table"} and Table S2 show results from the analysis of heterogeneity for overall heat wave effects and added heat wave effects, with a comparison of statistics from the random effect meta-analyses (no meta-predictor) and random effect meta-regressions with a single meta-predictor or all meta-predictors. For overall heat wave effects, a substantial amount of (residual) heterogeneity could be explained by between-country differences, as indicated by the larger decrease in the $\mathit{I}^{2}$ statistics when indicators for country were included as a meta-predictor. The other meta-predictors \[community-specific hot season average temperature, hot season temperature range, hot season temperature variability (SD of daily mean temperatures), latitude, and longitude\] could only explain a limited part of the residual heterogeneity. For added heat wave effects, there was little residual heterogeneity in all the models, as tested by the Cochran Q test.

###### 

Second-stage random effects meta-analysis and meta-regression models for explaining variation in overall heat wave effects and added heat wave effects: Cochran Q test for heterogeneity, $I^{2}$ statistics for residual heterogeneity.

Table 3 lists heat wave definition, model, and predictor in the first three columns separately; the corresponding p-value for Q test and I squared values (in percentage) for overall heat wave effect and added heat wave effect are listed in the other columns.

  Heat wave definition   Model              Predictor                  Overall heat wave effect  Added heat wave effect           
  ---------------------- ------------------ ------------------------- -------------------------- ------------------------ ------- -------
  90P_2day               Intercept only     No predictor                      $< 0.001$          73.33                    0.372   2.12
                         Single predictor   Average temperature               $< 0.001$          70.83                    0.376   2.04
                                            Temperature range                 $< 0.001$          73.40                    0.399   1.63
                                            Temperature variability           $< 0.001$          73.03                    0.412   1.39
                                            Longitude                         $< 0.001$          72.26                    0.359   2.35
                                            Latitude                          $< 0.001$          72.16                    0.361   2.31
                                            Country                           $< 0.001$          44.72                    0.335   2.86
                         Full               Average temperature                                                                    
                                            Temperature range                                                                      
                                            Temperature variability           $< 0.001$          43.99                    0.402   1.61
                                            Longitude                                                                              
                                            Latitude                                                                               
                                            Country                                                                                
  92.5P_2day             Intercept only     No predictor                      $< 0.001$          74.37                    0.031   12.03
                         Single predictor   Average temperature               $< 0.001$          72.84                    0.038   11.42
                                            Temperature range                 $< 0.001$          74.34                    0.030   12.11
                                            Temperature variability           $< 0.001$          73.52                    0.028   12.25
                                            Longitude                         $< 0.001$          73.72                    0.028   12.25
                                            Latitude                          $< 0.001$          73.61                    0.028   12.24
                                            Country                           $< 0.001$          46.52                    0.024   12.87
                         Full               Average temperature                                                                    
                                            Temperature range                                                                      
                                            Temperature variability           $< 0.001$          43.83                    0.030   12.39
                                            Longitude                                                                              
                                            Latitude                                                                               
                                            Country                                                                                
  95P_2day               Intercept only     No predictor                      $< 0.001$          74.99                    0.095   8.59
                         Single predictor   Average temperature               $< 0.001$          74.51                    0.108   8.13
                                            Temperature range                 $< 0.001$          74.91                    0.149   6.88
                                            Temperature variability           $< 0.001$          74.20                    0.116   7.88
                                            Longitude                         $< 0.001$          74.65                    0.100   8.40
                                            Latitude                          $< 0.001$          74.61                    0.090   8.78
                                            Country                           $< 0.001$          49.54                    0.082   9.28
                         Full               Average temperature                                                                    
                                            Temperature range                                                                      
                                            Temperature variability           $< 0.001$          46.66                    0.097   8.72
                                            Longitude                                                                              
                                            Latitude                                                                               
                                            Country                                                                                
  97.5P_2day             Intercept only     No predictor                      $< 0.001$          73.99                    0.038   11.47
                         Single predictor   Average temperature               $< 0.001$          74.02                    0.038   11.47
                                            Temperature range                 $< 0.001$          73.73                    0.074   9.45
                                            Temperature variability           $< 0.001$          73.43                    0.057   10.30
                                            Longitude                         $< 0.001$          74.03                    0.043   11.11
                                            Latitude                          $< 0.001$          73.92                    0.053   10.48
                                            Country                           $< 0.001$          51.82                    0.089   9.00
                         Full               Average temperature                                                                    
                                            Temperature range                                                                      
                                            Temperature variability           $< 0.001$          47.79                    0.080   9.42
                                            Longitude                                                                              
                                            Latitude                                                                               
                                            Country                                                                                

Note: Please refer to [Table 1](#t1){ref-type="table"} for heat wave definitions.

Generally, heat waves defined by daily mean temperature gave similar effect estimates \[log (RR)\] as heat waves defined by daily maximum temperature ([Figure 6](#f6){ref-type="fig"}), while there was statistical difference in effect estimates modeled by heat waves defined by daily mean and minimum temperatures (Figure S4). Heat waves defined by daily mean temperature typically produced higher community-level effect estimates than those defined by daily maximum and minimum temperatures. However, the country-level results were similar when we used daily mean, minimum, and maximum temperatures to define heat waves ([Figure 2](#f2){ref-type="fig"} and Figure S5).

![Comparison for cumulative effects of heat waves on mortality over lag 0--10 d in 16 countries/regions for 12 types of heat wave definitions using daily mean and maximum temperatures. Please refer to [Table 1](#t1){ref-type="table"} for heat wave definitions. a, B, and $r^{2}$ are intercept, coefficient, and r-squared, respectively, derived from linear regression model for effect estimates modeled by heat waves defined by daily mean and maximum temperatures. $p - \text{Value}$ for difference is modeled by the *t*-test between effect estimates modelled by heat waves defined by daily mean and maximum temperatures.](EHP1026_f6){#f6}

Our results were robust to a changed lag structure of 15 d, modified degrees of freedom for lag (3--5 df), changed degrees of freedom for day of season (3--7 df), and inclusion of a variable for relative humidity in the model (results not shown). The regional difference in the estimated heat wave effects on mortality did not change substantially when we excluded the United States (Figures S6 and S7), Italy (Figures S8 and S9), Moldova (Figures S10 and S11), and Vietnam (Figures S12 and S13). The estimated effects of heat waves on mortality did not change after controlling for temperature variability (Figure S14).

Discussion {#s4}
==========

This study examined heat wave--mortality associations using consistent methods for 400 communities across 18 countries/regions, including countries from both developing and developed regions with different climates (i.e., tropical, subtropical, and temperate). We developed 12 definitions of heat waves by combining four temperature thresholds (90th, 92.5th, 95th, and 97.5th percentile of temperature, indicating intensity of heat waves) and three definitions of duration ($\geq 2$, 3, and 4 d) to determine how heat wave effects changed when heat waves were more intense and longer. Although many studies have suggested that heat wave characteristics modify mortality risks, to the best of our knowledge, this is the largest and first multicountry study of heat waves to examine effect modification by heat wave duration and intensity. We found that in all countries/regions, heat waves were associated with increased risk of death for all types of heat wave definitions. The estimated effects of heat wave on mortality were higher when using higher temperature thresholds (e.g., 97.5th vs. 95th percentile of temperature). In general, the effects of heat waves varied by country; for example, Italy had highest heat wave effects. The effects of heat waves appeared acutely and lasted for 3 and 4 d for most countries. Heat waves effect estimates were higher in moderate cold and moderate hot areas than in cold and hot areas. However, heat waves did not have added effects on mortality when controlling for the effects of daily mean temperature in all countries/regions, except for Brazil, Moldova, and Taiwan, using the $\geq 97.5\text{th}$ percentile of temperature as the heat wave definition. Heat waves defined by daily mean and maximum temperatures produced similar effect estimates, which are higher than those defined by daily minimum temperature.

Several plausible physiological mechanisms have been proposed for the effects of heat waves on mortality ([@c17]). When ambient temperature is extremely high, the human body responds through thermoregulation; blood vessels dilate near the skin to transfer heat from the body's core to the skin, and then sweat transfers heat from the skin by evaporation ([@c30]). Thermoregulation can strain the cardiovascular system, even when body temperature remains normal ([@c30]). In general, the higher the intensity (temperature) or the longer the duration of the heat wave, the more work required of the cardiovascular system to maintain normal temperature. Therefore, more intense or longer heat waves are thought to have greater health impacts ([@c36]; [@c37]).

Our findings that heat waves had significant impacts on mortality have been strongly indicated by the ensemble of previous studies ([@c2]; [@c4]; [@c16]; [@c33]; [@c47]; [@c48]). However, we used consistent statistical methods across a wide range of communities to address whether different methods lead to difficult comparisons. In addition, previous studies have used a variety of heat wave definitions, lags, and methods to control for time-varying confounders, each of which can change the estimates of heat wave--mortality relationships.

There were substantial variations in the estimated RRs of mortality associated with heat waves between and within countries/regions. We found that Italy, Moldova, and Vietnam had higher heat wave--related mortality risks than other countries. This finding is not supportive with our prior hypothesis that persons in developing countries (Vietnam, Brazil, Moldova, Thailand, and China) would be more sensitive to heat waves than those in wealthy countries, but it would be premature to consider this as strong evidence against that hypothesis. The low rate of air-conditioning use in Italy and Moldova and the low-level socioeconomic development in Moldova and Vietnam might be the reason that these countries had higher heat wave effects on mortality than other countries. In addition, the variation in the impact of heat waves on mortality might be modified by: *a*) demographic characteristics (e.g., population in high-risk categories, such as the elderly or less healthy) ([@c43]); *b*) community-level adaptation levels to heat waves (e.g., heat wave warning systems) ([@c13]); or *c*) personal adaptation strategies (e.g., air-conditioner use, housing structure, clothing type) ([@c5]; [@c14]).

Interestingly, our results suggested that the heat wave effects on mortality were higher in moderate cold and moderate hot areas than cold and hot areas. These findings are somewhat different from previous studies, such as U.S. studies that reported higher effects in cold areas ([@c1]; [@c8]), while European studies found a reversed pattern ([@c4]). The difference might result from the large number of communities involved in this study, which enhances our ability to divide areas into detailed climatic areas. Thus, what might have been cold areas in previous studies were only moderate cold areas in this study. However, if we only compare results based on heat waves defined by the 97.5th percentile as the temperature threshold, the estimated heat wave effects on mortality were higher in cold areas than hot areas. Another possible reason for our results might be that in moderate cold and moderate hot areas, absolute temperature is important, but for the hot and cold areas, adaptation becomes important and is dominant in the hottest climate area. Furthermore, heat wave--related impacts within a given type of climate may vary, due to differences in indoor/outdoor activity and housing structures, such as the higher prevalence of air-conditioning in the United States compared to Europe. This study indicates that more attention should be paid to heat waves in moderate cold and moderate hot areas across the world, given the potential for substantial impact to public health.

This study provided evidence on the importance of heat wave intensity (temperature thresholds), but not duration in relation to the health impacts of heat waves. This differs from some earlier studies that suggest that both heat wave intensity and duration modified heat wave impacts on health ([@c2]). Several studies have found that longer heat waves had greater mortality effects ([@c12]; [@c31]; [@c45]). Other work found increases in mortality risks associated with heat wave definitions that were longer (i.e., higher duration) or more intense (i.e., higher temperature) ([@c19]; [@c29]). One potential reason for the differences between our findings and previous studies might be that unlike earlier work, we considered lag effects. Our results showed that there were significant lag effects of heat waves on mortality in all countries/regions, and the estimated effects lasted for 3 and 4 d (even longer in Italy and Spain). These findings suggest that if the lag effects were not considered, the longer-duration heat waves could capture the lag effect (e.g., for a 6-d duration heat wave, the effects of the fourth to sixth days of the heat wave might include the lag effects of first to third days of the heat wave and the effects of days 4 to 6), but the shorter-duration heat waves would not capture the lag effect (e.g., for a 2-d duration heat wave, the lag effect of these 2 d would not be captured). Thus, modeling the cumulative effects of heat waves on mortality including the lags is very important to fully understand the impact of heat wave duration. Another possible reason for differences with some other studies is that those studies allocated each day of a heat wave to the category of duration up to that day only ([@c1], [@c2]; [@c19]; [@c29]).

Understanding the lag pattern of heat wave effects on mortality is helpful in preventing heat wave--related health events, particularly for estimating mortality displacement during and after heat waves ([@c3]; [@c42]). Our results suggest that the effects of heat waves appeared immediately and lasted for 3--4 d in all countries ([Figure 3](#f3){ref-type="fig"}) and all climate areas ([Figure 5](#f5){ref-type="fig"}), except for Italy and Spain, with 7-d lag effects. This finding is consistent with previous studies for effects of heat waves and high temperatures on mortality ([@c23]; [@c24]; [@c48]). This means prompt preventive actions are necessary for reducing heat wave effects on health events. Interestingly, we found there was mortality displacement after heat waves in some countries, particularly in cold climate areas ([Figure 5](#f5){ref-type="fig"}). The reason might be that people living in cold climate areas have not adapted to the extreme high temperatures ([@c10]). Thus, when heat waves appeared, some excess deaths occurred during and shortly after the heat wave, resulting in fewer deaths in the coming days or weeks. Generally, the mortality displacement mainly occurs in chronically ill individuals, for example, the elderly and people with cardiovascular and respiratory diseases ([@c39]).

An interesting finding is that heat waves did not have added effects on mortality when we decomposed the effects of heat waves into effects of temperature and added effects of heat waves in all countries/regions, except for Brazil, Moldova, and Taiwan, using the $\geqq 97.5\text{th}$ percentile of temperature for the heat wave definition. This finding suggests that heat wave effects can be adequately captured by the effects of temperature modeled by distributed lag nonlinear models in most countries, except for Brazil, Moldova, and Taiwan. This is consistent with some previous studies conducted in the United States ([@c6]; [@c19]). However, it is still debatable as to whether to estimate heat wave effects as a part of the effects of temperature; some studies find heat waves to have added effects. Based on the findings of this study, the provision of developing heat wave warning systems might be flawed. Instead, concerted efforts to develop high-temperature warning systems might be more warranted to reduce health risks.

Our results demonstrate that using daily mean and maximum temperatures for heat wave definition was better at predicting mortality than daily minimum temperature. Generally, heat waves defined by daily mean temperature produced higher RRs than those using daily maximum and minimum temperatures. This is consistent with a previous study in Europe ([@c29]), while a U.S. study suggested that no one temperature measure was superior to others for predicting mortality ([@c7]). The potential reason might be that the daily mean temperature, which is the average of the entire day, may better reflect the complete exposure. However, daily maximum temperature often occurs during the afternoon hours when outdoor activity is more likely than overnight; it may be a better surrogate for high/dangerous exposures than daily mean or minimum temperature. Daily minimum temperature usually happens in the night when most people stay at home. Thus, daily minimum temperature might lead to measure error if people live in an area with good home insulation and high rates of air-conditioning use.

This study has some limitations. Similar to other studies using time-series data, we used the data on temperature from fixed sites to define heat waves, rather than individual exposure, which could introduce exposure error to some extent. However, these exposure errors are likely to be random, which would usually result in an underestimation of the estimated relative risks ([@c34]). Air pollutants were not adjusted for in this study because the data were not available for some countries. However, previous research showed that temperature effects on mortality in the United States were robust to air pollution ([@c1]). Also, air pollutants might be on the causal path between temperature and health, which can also complicate interpretation of adjusted models ([@c9]). Extensive data are needed to investigate in detail the reasons for the variation in heat wave--mortality associations across communities, countries, and regions, such as with respect to different population characteristics and adaptation. In addition, our data set did not include age- or cause-specific mortality, so we investigated all causes/nonaccidental mortality. Relative humidity was not used in our main analyses, but main results were shown to be insensitive to its inclusion in sensitivity analyses. The use of relative humidity might be problematic because of its dependence on temperature ([@c11]). However, we could not choose a humidity variable with greater physiological relevance because of data availability. Also due to data availability, the time period of data was varied by country, which might have impacted the results, as the impacts of temperature on mortality may have changed over recent years ([@c23]). It is important to understand whether socioeconomic status contributes to the heterogeneity of heat wave effects on mortality, but it is beyond the scope of our analysis, and gathering such data would be a substantial undertaking. Future studies are needed to address the above limitations.

Conclusions {#s5}
===========

Understanding the characteristics of heat wave effects on mortality is important to better protect public health, particularly because heat waves will be more frequent, longer, and more intense in the future ([@c38]). To the best of our knowledge, this study is unique among heat wave studies in its international scale, multiple heat wave definitions, and consideration of how heat wave intensity and duration may modify heat wave effects. Our findings suggest that mortality risk increased during heat waves in comparison to the communities' usual climates, and the effects lasted for 3 to 4 d. The heat wave effects on mortality were affected by the intensity, but not duration. People living in moderate cold and moderate hot areas might be more vulnerable to heat waves than those living in cold and hot areas. There were no added heat wave effects compared to the impact of high temperature on mortality in most countries. Daily mean and maximum temperatures had similar abilities to define heat waves, but not daily minimum temperature. In addition, the observed variation in heat wave effects on mortality between communities/countries/regions indicates the importance of developing local heat wave response plans.
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